Sperm movement has been described in several phyla of invertebrates. Yet, sperm motility has only been quantified using computer-aided sperm analysis (CASA-Mot) in externally fertilising species (broadcast spawners) of two phyla, molluscs and echinoderms. In the present study we quantified in detail the nature of the sperm tracks, percentage motility groupings and detailed kinematics of rapid-, medium-and slow-swimming spermatozoa in the oyster Crassostrea gigas and four species never previously studied by CASA-Mot, namely the molluscs Choromytilus meridionalis, Donax serra and Haliotis midae and the echinoderm Parechinus angulosus. A feature common to all these species are the helical tracks, the diameter of which seems to be species specific. Using CASA-Mot, the behaviour of spermatozoa was also studied over time and in the presence of egg water and Ca 2þ modulators such as caffeine and procaine hydrochloride. For the first time, we show that hyperactivation can be induced in all species in the presence of egg water (sea water that was mixed with mature eggs and then centrifuged) and/or caffeine, and these hyperactivated sperm tracks were characterised using CASA-Mot. We relate the different patterns of sperm motility and behaviour to reproductive strategies such as broadcast spawning and spermcasting, and briefly review studies using CASA-Mot on other invertebrates.
Introduction
The invertebrates comprise over 30 phyla, plus the subphylum Tunicata within the Chordata. The Phylum Arthropoda is by far the most speciose, insects alone making up 95% of living animal species; insect fertilisation is internal, and the use of computer-aided sperm analysis (CASA) of insect spermatozoa has been very limited (but see Pearcy et al. 2014) . Invertebrate diversity at the phylum level is greatest in the sea, and the variety of reproductive patterns in aquatic invertebrates is vast. Nevertheless, three main routes to fertilisation can be recognised: copulation, broadcast spawning and spermcasting; these correspond to functional categories of spermatozoa proposed by Rouse and Jamieson (1987) and Jamieson and Rouse (1989) , namely introsperm, ect-aquasperm and ent-aquasperm respectively. Copulation, involving the direct transfer of an ejaculate into the female without external exposure, is also prevalent in terrestrial invertebrates. The remaining two mechanisms are exclusively aquatic.
Broadcast spawning is the release of both eggs and spermatozoa into the water for external fertilisation, whereas sperm-casting involves the release of spermatozoa only, to disperse to recipients that have retained their eggs. Broadcast spawning is a long-recognised means of fertilisation in the sea, but spermcast mating was not overtly acknowledged as a distinct process until relatively recently (see Pemberton et al. 2003; Bishop and Pemberton 2006) , although it was recognised and documented, for example by Daly and Golding (1977) , and implicitly acknowledged in various other studies. As noted by Bishop and Pemberton (2006) , it is possible to envisage a continuum between spermcast mating and broadcast spawning. This was re-emphasised by Havenhand and Styan (2010) , noting that some species fertilise their retained ova in a seawater-filled concavity, such as the mantle of a flat (brooding) oyster (Ostreinae), through which water is pumped rather than in a true body cavity. There are few studies of the behaviour of spermcast spermatozoa (entaquasperm), even counting those on commercial flat oysters. In contrast, studies of the behaviour and performance of ect-aquasperm, including by CASA, are more numerous, although all concern species of two phyla, Mollusca and Echinodermata. In many cases these studies involve commercially exploited species such as cupped (non-brooding) oysters (Crassostreinae), mussels (Mytilidae) and abalone (Haliotis spp.).
Original CASA-generated data are presented in this paper on the sperm performance and behaviour of five marine invertebrates from broadcast-spawning taxa. The five species investigated are classified under Mollusca and Echinodermata, and we offer some additional observations on Insecta and Crustacea.
Globally, the research focus in CASA-Mot was unfortunately largely limited to the former two phyla, with many papers reporting on mussels and sea urchins (e.g. Au et al. 2001; Fitzpatrick et al. 2010; Fabbrocini et al. 2010 Fabbrocini et al. , 2016 Basti et al. 2013; Suquet et al. 2013) . Surprisingly, almost no detailed CASA research has been performed in other invertebrate phyla and accordingly our title falls short of expectations. Previous surveys of the available data have suggested that spermcast spermatozoa are long lived compared with broadcastspawned spermatozoa, perhaps because of quiescence following release until reaching a conspecific recipient (Bishop 1998; Manr´ıquez et al. 2001; Johnson and Yund 2004) , although the spermatozoa of broadcast spawners may also be quiescent upon release, being activated by proximity to the egg or signals derived from it (e.g. Morita et al. 2006) . In the present study we provide, in a systematic way, very detailed CASA-Mot analysis involving sperm concentration, percentage motility groupings and eight kinematic parameters of five broadcast spawners, some of which may show adaptations to highly waveswept environments. The data provided is the first comprehensive comparison of CASAMot baseline data among these broadcast spawners. In addition, we analyse in greater depth the nature of the typical helical swimming tracks and the implications this may have for rates of encounter with oocytes. Furthermore, we provide results of CASA analysis of sperm motility in the presence of egg water in the Cape sea urchin Parechinus angulosus (see Table 1 ), with comments on two other species studied as well as the effect of classical hyperactivation stimulants on sperm motility in two species. Hyperactivation of spermatozoa has been considered as a landmark of capacitation and fertilisation success (Mortimer 1997; Mortimer et al. 2015) . Finally, we assess the use of CASA-Mot in estimating the concentration of immotile spermatozoa in a prawn species and the potential movement of the spike attached to the acrosome in this species. We also review important aspects of subjective sperm motility assessment in other invertebrate phyla in the Results and Discussion sections.
Materials and methods

Species studied
Six marine invertebrates from three phyla were studied and are listed in Table 1 . A permit for hand collection of species was obtained through the Department of Agriculture, Forestry and Fisheries, Cape Town, South Africa. Ten to twenty animals per species were used for the different motility studies, with the actual numbers indicated in the relevant tables.
Animal collection and maintenance
Commercially grown oyster Crassostrea gigas (new accepted genus Magellana), black mussel (Choromytilus meridionalis), abalone (Haliotis midae) and tiger prawn (Penaeus monodon) were obtained from mariculture farms; sea urchins (Parechinus angulosus) were hand collected at monthly low tides, between 2014 and 2017 from intertidal rock pools at Bloubergstand, Cape Town. During spring tide lows, the burrowing white mussels (Donax serra) were dug out by hand along the mean tide level of the exposed sandy beach at Big Bay, Cape Town. All animals were kept in aerated holders filled with sea water at 17-18•C (sea water temperatures 12-19•C).
http://repository.uwc.ac.za
Gamete collection
Using a positive displacement pipette, spermatozoa were pipetted from the testes in the oyster and the two mussel species through an incision in the gonads and were dry stored in Eppendorf tubes. In C. meridionalis, we also tested the hypothesis that spermatozoa isolated from highly gravid testis for motility studies are similar to 'spawned' spermatozoa. Spawning was induced using a routine method (Stewart et al. 2012) and spermatozoa were immediately collected as close as possible to the mussel the moment it was ejected in the form of whitish clouds. This sperm-sea water suspension was placed in an Eppendorf tube and motility was studied by means of CASA-Mot for up to 90 min after spawning. These data were compared with the motility of spermatozoa isolated from gravid testes.
Gametes from sea urchin and abalone were obtained through chemically induced spawning. Sea urchins were given intracoelomic injections of 1-2 mL of 0.55 M KCl, which caused spawning to be initiated within seconds to 5 min, depending on the presence of gravid gonads. Female urchins, releasing orange eggs, were inverted onto a 100-mL beaker filled to the edge with filtered sea water, letting the aboral surface touch the water, allowing eggs to be freely ejected and settle at the bottom. This suspension was gently agitated and left to incubate for 20 min; a volume of this egg-sea water suspension was centrifuged at 11g for 5 min at 188C. The supernatant liquid, egg water, was decanted into a clean Eppendorf tube and kept as a diluting medium for motility evaluation later. Eggs and surrounding egg water obtained from the ovaries of C. gigas and C. meridionalis were treated in the same way as for Parechinus to obtain egg water for sperm exposure studies.
Milky white spermatozoa being released from gonopores of P. angulosus were harvested and stored as 'dry spermatozoa' (undiluted) in an Eppendorf tube. Abalone broodstocks underwent a two-step chemical induction procedure as described by Morse et al. (1977) , with a few adjustments. Sodium hydroxide was initially added to the spawning tanks, followed by hydrogen peroxide 15 min later. After 1 h, these tanks were emptied, cleaned and refilled with aerated filtered sea water until males started spawning, generally 4 h after induction (Roux et al. 2014) . Abalone spermatozoa were collected directly from the spawning tank, close to the respiratory pores located in the shell where the spermatozoa were ejected into sea water via the nephridiopore duct (Hahn 1989; and Purchon 1977) , and stored in an Eppendorf tube.
Preparation of motile spermatozoa
Microscope analysis included measurement of sperm concentration, total motility and progressive motility in motile populations. In all instances, a 20-mm deep two-chamber Leja slide (Leja Products) was used. The motility of spermatozoa was determined following two techniques, flush and swim-up. Dry spermatozoa (undiluted spawned or neat spermatozoa sampled from the testis) from P. angulosus, C. meridionalis, D. serra and C. gigas were used for both the swim-up and flush techniques; H. midae samples were evaluated using only the flush technique for the chemically induced spawned gametes.
Flush technique
The flush technique evaluates sperm motility at the inception of exposure to sea water in a chambered slide and, for most of the species, the concentrated sperm columns created allow spermatozoa to swim out. In contrast, for H. midae sperm motility using the flush technique was assessed from spawned samples in sea water (already mixed) and stored in an Eppendorf tube. A 5-mL aliquot of this sperm-sea water suspension was flushed in a 20-mm deep Leja slide for subsequent CASA-Mot analysis.
For P. angulosus, the flush technique involved collecting approximately 0.5-1 mL undiluted spawned spermatozoa and transferring the sample to a 20-mm deep two-chamber Leja slide (Leja Products). Through capillary action, a slight sperm dome was created at the mouth of the chamber (Leja 20-mm slide); to this, 5 mL filtered sea water was pipetted or flushed into the chamber, producing columns of spermatozoa in the chambered slide, and activated spermatozoa were recorded immediately using Sperm Class Analyser (SCA; Microptic) CASA-Mot software (see below).
For C. gigas, C. meridionalis and D. serra, dry spermatozoa (undiluted) were obtained directly from the testis and the same procedure as described for P. angulosus above was followed. We believe this technique best mimics what happens during actual spawning.
Swim-up technique
The swim-up technique was conducted individually for black mussel, white mussel, oyster and sea urchin dry spermatozoa using filtered sea water as a dilution medium. One part of dry spermatozoa from each of the samples was slowly pipetted, using a displacement pipette, forming a pellet at the bottom of an Eppendorf tube filled with five parts filtered sea water or egg water. Spermatozoa were usually inactive during the first 2 min upon dilution of testicular spermatozoa, but most spermatozoa became active after approximately 5 min. In contrast, spawned spermatozoa became immediately active after dilution with sea water. Accordingly, a 10-min period of incubation resulted in spermatozoa swimming from the pellet into the column of sea water or egg water. As a result of the spermatozoa swimming from the pellet, a cloud developed in the fluid column. By pipetting 5 mL motile spermatozoa, taken from above the sperm cloud of the pellet, a slide was prepared using a 20-mm deep two-chamber Leja slide. Sperm motility was recorded after 10 and 60 min.
Effects of egg water and Ca 2+ modulators
In three species (sea urchin, black mussel, Pacific oyster), egg water was also used as a diluting medium and sperm motility was accordingly measured after exposure to egg water using the flush technique.
The effects of two Ca 2+ modulators that induce hyperactivation in many animal species, namely caffeine (10 mM) and procaine hydrochloride (5 mM), were tested on C. meridionalis and C. gigas spermatozoa and compared with egg water using the flush technique. Accordingly, 0.5-1 mL undiluted spermatozoa was flushed with 5 mL filtered sea water containing either egg water or the Ca 2+ modulators. Sperm motility was recorded after 10 and 60 min using the SCA CASA-Mot system (see below).
CASA equipment, acquisition properties and sperm functional parameters To divide spermatozoa into subpopulations based on swimming speed, default SCA settings (see below) for Fish/Invertebrate and curvilinear velocity (VCL) were used. The number of images captured and frame rate were 50 images and 100 images s -1 respectively; VCL cut-off values of 38 , 50 . 120 mm s -1 distinguish slow-(non-progressive), medium-and rapidswimming spermatozoa. Sperm swimming ,38 mm s -1 were considered to be immotile (potential flow, Brownian movement and collisions of motile spermatozoa with immotile spermatozoa). All microscopic analysis measuring the motility populations was performed using SCA version 5.4.0.0 or 6.2.0.16 (Microptic S.L.). Motility parameters of flush slides were assessed at 10 min, whereas swim-up samples were assessed after incubation times of 10 and 60 min. 'Incubation' in this case refers to the time that swim-up spermatozoa were exposed to sea water after swim-up. The slides (Leja 20-mm deep chambered slides) were viewed using a Basler A312fc digital camera (Microptic), mounted (C-mount) on either a Nikon E50i microscope or an Olympus CH2 microscope, both equipped with negative phase contrast objectives used (Maree and van der Horst 2013) . Two to five fields were captured randomly to eliminate bias towards best motility areas. The SCA systems automatically determine the sperm concentration of the fresh diluted sample using a Leja 20-mm deep slide (calibrated).
The following kinematic parameters were assessed: VCL, straight-line velocity (VSL), average path velocity (VAP), linearity (LIN), straightness (STR), wobble (WOB), amplitude of lateral head displacement (ALH) and beat cross frequency (BCF). We also calculated DANCE as follows: DANCE ¼ VCL x ALH. Accordingly DANCE represents the two dimensional space occupied by a motile sperm during 1 s.
Statistical analyses
MedCalc version 17.2 (MedCalc, Mariakerke, Belgium) was used for basic statistical analysis. Descriptive statistics were used to calculate the mean ± s.d. Comparisons of sperm motility parameters among the different groups were performed using either analysis of variance (ANOVA) or the Kruskal-Wallis test with appropriate post hoc tests, such as the Student-Newman-Keuls' and Tukey tests. Two-sided P , 0.05 was considered significant.
Results
Visual, subjective description of sperm behaviour
Swimming of spermatozoa in a typical compressed helix when diluted with sea water was observed after different time intervals in all five mollusc and echinoderm species. In Pacific oyster and white and black mussels, sperm activation was delayed after dilution with sea water (either flush technique or swim-up). Full activation was usually obtained 2-7 min after dilution with sea water. In contrast P. angulosus and H. midae spermatozoa were immediately activated with sea water. The helical sperm tracks for P. angulosus, D. serra and H. midae were essentially unchanged over 1 h, whereas in C. gigas and C. meridionalis most spermatozoa appeared to change their swimming behaviour from a helical progressive pattern to a more forward progressive pattern. The spermatozoa of tiger prawn were essentially immotile due to the absence of a tail or axoneme, but some kind of movement could be detected and is described later.
CASA analysis of sperm concentration and percentage and progressive sperm motility The sperm concentrations of dry spermatozoa and the percentage motility, progressive motility and nonprogressive motility in the six species within the first 5-15 min after dilution and activation with sea water are given in Table 2 . The sperm concentration of samples from testicular origin was extremely high (ranging from .1554.3 x 10 6 mL -1 in C. gigas to 5057.2 x 10 6 mL -1 in P. angulosus (gonopore collection)) compared with spermatozoa in general. H. midae samples had the lowest sperm concentration, but these samples are largely representative of spermatozoa spawned in sea water via the nephridiopore into surrounding sea water (i.e. spermatozoa collected while animals were spawning in tanks). After flush or swim-up, the sperm concentration in the other four species (excluding H. midae) varied from approximately 15 to 30 x 10 6 mL -1 . Accordingly, sperm motility for all species was analysed at the same range of sperm concentrations. There was a large variation in the mean percentage sperm motility, ranging from 54% to 91% among the broadcast spawning species. Fig. 1 shows a collage of the swimming patterns analysed by means of CASA in five species soon (5-15 min) after sperm activation, as well as the motility patterns after 60 min. The pattern for each species is shown at the same magnification, with P. angulosus clearly having the largest helical diameter for the sperm tracks (30-70 mm (50th percentile)) and C. gigas smallest (9-15 mm (50th percentile)) and the other species having helical tracks with diameters intermediate between these two above extremes (Fig. 2) . Despite diameter and kinematic differences (see below) the actual pattern of the helix is quite similar in P. angulosus, H. midae and D. serra. However, in C. gigas there appears to be a distinctive species-specific track: a serrated helix with a very small diameter (Fig. 3) . Furthermore, after 60 min, the progressive helical patterns remained the same for swim-up spermatozoa of P. angulosus, H. midae and D. serra, but in C. meridionalis and C. gigas almost no helical progressive swimming spermatozoa were evident, with mostly straight line forward progressive spermatozoa (Fig. 1, white arrows) . These forward progressively motile spermatozoa accounted for approximately 20% of the D. serra sample after 60 min (Fig. 1) , but the helical tracks strongly prevailed in this species like in P. angulosus and H. midae. Spermatozoa collected from spawning C. meridionalis exhibited primarily helical swimming (5-60 min) in contrast with spermatozoa collected from the gravid testis, which primarily exhibited more forward progressive tracks after 60 min. However, sperm velocities (VCL, VAP and VSL) and most other kinetic parameters did not differ significantly between spermatozoa of testicular origin and 'spawned' spermatozoa. Fig. 3 shows a selection of the details of individual spermatozoa representing typical progressive helical patterns among the species, typical forward progressive-type spermatozoa and the relevant kinematics for each type. Fig. 4 compares the kinematic values of sperm subpopulations (rapid, medium, slow) for each species. There are significant differences in VCL and VAP between the rapid and medium sperm populations (P , 0.05, F ¼ 8.5), which emphasises the importance of the subpopulation approach when studying sperm kinematics. In P. angulosus, mean VCL and VAP values for the rapid sperm population are 240.7 ± 51.9 and 207.1 ± 52.1 mm s -1 respectively (Fig. 4) , and the VCL for individual spermatozoa can reach values .400 mm s -1 at 50 frames s -1 (Fig. 2) . In contrast, C. gigas, which had the smallest-diameter helical swimming, mean VCL and VAP values were 149.4 ± 11.5 and VAP 60 ± 7 mm s -1 , with a maximum VCL of approximately 160 mm s -1 .
CASA analysis of sperm motility patterns
CASA sperm kinematic parameters
More detailed comparisons of individual tracks in different species
The relationships among diameter, VCL, VAP and DANCE of the helical sperm tracks (Fig.  2) were further analysed by Spearman rank correlations and refer to the total motile sperm population. Some of these correlations are given in Tables 3 and 4 . Correlations when population averages for all species were combined in relation to helix characteristics are given in Table 3 . For the population averages, there were highly significant positive correlations between diameter and VCL, diameter and VAP, and diameter and DANCE. The greater the diameter, the higher the positive correlation with VCL, VAP and DANCE for all species together. Accordingly, in general, when spermatozoa swim faster, the diameter of the helix increases, as does DANCE, which is an expression of the surface area space occupied by the spermatozoa during 1 s. Because ALH x VCL ¼ DANCE, the relationship between VCL and ALH was investigated in four representative species (Table 4) . Very high correlations (r ¼ 0.6-0.91; P , 0.0001, F ¼ 9.3) were established between VCL and ALH for the five species. Accordingly, increases in both VCL and ALH contribute to an increased DANCE and increased 'sperm search area'. The correlations for both population averages and individual species have implications in the spermatozoa finding an oocyte.
Effects of egg water and hyperactivation stimulants on C. meridionalis, C. gigas and P. angulosus spermatozoa Sperm motility patterns in C. meridionalis, C. gigas and P. angulosus changed when samples were diluted with egg water. In Parechinus, there was an initial (first 10 min) significant inhibition of VCL and VAP (P , 0.02, F ¼ 6.2) when samples were diluted in egg water compared with the swim-up procedure. In Choromytilus and Crassostrea, the sample size and thus the results for VCL and VAP were too variable to establish any differences. However, after 45-60 min exposure to egg water, there was an increase in what appears to be typically hyperactivated sperm motility patterns in C. meridionalis and C. gigas (Fig. 5a, b) . In P. angulosus, the typical helical swimming pattern changed to an uneven helix pattern in egg water, with a minority of spermatozoa showing similar 'hyperactivation patterns' after 1 h as found in C. meridionalis and C. gigas from 5 to 60 min (Fig. 5c ).
The effects of Ca 2+ modulators caffeine and procaine hydro-chloride, which typically induce hyperactivation in many animal species, were tested on C. meridionalis and C. gigas spermatozoa. These two Ca 2+ modulators induced typical hyperactivation patterns (Fig. 5d,  e ). It appears that egg water induces similar changes in sperm motility patterns to the classical hyperactivation Ca 2+ modulators caffeine and procaine hydrochloride (Fig. 5) .
Special case of tiger prawn spermatozoa
It was possible to accurately determine prawn sperm concentration using CASA-Mot within 5 s. (Concentrations were measured in diluted sperm samples in a Leja slide using SCA software.) Because of the high sperm concentration, dilution with sea water was required. Sperm concentration in the tiger prawn was in the same concentration range as for broadcast spawners, namely .1500 x 10 6 mL -1 . In the initial CASA-Mot studies, it was noted that there was approximately 10% 'motility', but these observations were discounted because of potential Brownian movement or flow. However, using highresolution differential interference microscopy at a magnification of x600, some movement of the flexible spike attached to the acrosome (Fig. 6 ) was documented. Fig. 6 shows scanning and transmission electron micrographs of tiger prawn spermatozoa. In Fig.  6b , the basic sperm components are shown, whereas Fig. 6c shows an enlarged view of the microtubule ring that seems to be able to provide movement of the acrosomal spike. It is unlikely that the spike can cause large displacement of the spermatozoa, but it may be a way of orientating spermatozoa to the eggs.
Special case of insects with motile spermatozoa: desert ant, honeybee and fruit fly spermatozoa The first author (GvdH) has access to video clips of desert ant spermatozoa (Pearcy et al. 2014) , honeybee spermatozoa from Morocco (Microptic) and fruit fly spermatozoa (in the female reproductive system; Professor Scott Pitnick). Desert ant spermatozoa swim in groups of 50-100 with their heads glued together at the anterior end, with individual spermatozoa coming loose. In this ant species, as well as in honeybee and fruit fly, the spermatozoa seem to clearly exhibit fairly slow helical movement and progressive forward movement. The ant work has been published (Pearcy et al. 2014) and CASA-Mot findings of honeybee spermatozoa are in the process of being published by L. W. Simmons and C. Gasparini.
Discussion
CASA-Mot analysis of five species in two invertebrate phyla of so-called broadcast spawners show helical sperm tracks similar to those described by many investigators (Levitan 1993 (Levitan , 1995 (Levitan , 1998 Au et al. 2001; Farley 2002; Riffell and Zimmer 2007; Fitzpatrick et al. 2010; Liu et al. 2011; Suquet et al. 2013; Fabbrocini et al. 2016) or at least analysed by CASAMot or objective sperm motility analysis using alternative methods (Basti et al. 2013; Lymbery et al. 2016) . There are few detailed descriptions of the nature of the patterns of these tracks, except for Liu et al. (2011) and Vogel et al. (1982) , who referred to the helical tracks as 'Don Giovanni' and the forward moving tracks as 'Don Ottavio'. The implication is that theoretically there will be a bigger oocyte hit rate with helical swimming presumably because of the larger search area per volume. Farley (2002) correctly indicated that 'most investigators measure sperm swimming velocity without accounting for the helical motion of sperm, thereby obtaining an inflated estimate of the velocity with which sperm approach eggs'. During helical swimming, spermatozoa seem to collide more quickly with an oocyte provided oocytes are not further than 100 mm apart. This hypothetical distance of 100 mm is debatable because Roux et al. (2014) found that optimal fertilisation and hatch rates of embryos of H. midae (.90%) under controlled aquaculture conditions are attained when the sperm concentration is between 5 x 10 3 and 5 x 10 4 spermatozoa mL -1 and the egg density is only approximately 50 eggs mL -1 . When the sperm concentration in H. midae reaches 5 x 10 5 spermatozoa mL -1 , hatch rates decreased to ,70% (Roux et al. 2014) . Under natural conditions these sperm and egg numbers may change, but at least the above data may still support the importance of helical swimming as well as chemoattraction rather than just mathematical extrapolation of helical tracks.
The helical swimming in general also accounts for higher fertilisation rates in sea urchins according to Farley (2002) . Farley (2002) states that when selecting for gamete traits there should be consideration of the helical nature of sperm swimming and variations in helix characteristics, as well as variation in egg size and number. The present study shows that in broadcast spawners such as P. angulosus, helix diameter is positively correlated with high VCL and VAP compared with the smaller-diameter helix with lower VCL and VAP. The rapid sperm population may have a higher likelihood of encountering an oocyte and represents the actual fast swimmers with a large-diameter helix and, for a particular species, these spermatozoa may be those that preferentially fertilise the oocytes. This approach is important in assessing aspects such as sperm competition, sperm limitation, defining sperm quality and in toxicology.
We believe that the DANCE (VCL x ALH) parameter, which provides an estimate of the space occupied by spermatozoa over 1 s, may provide better estimates of sperm behaviour and the likelihood of reaching an oocyte than just the diameter of the helix or speed individually, and hope this is tested in future studies.
As suggested above, the characteristics of a spermatozoon's helical trajectory may affect the probability of its approach to an egg by chance. Helical motion is also believed to play a subsequent role in chemotaxis, whereby the difference in the concentration of sperm attractant on either side of the path creates a periodical signal used for orientation towards the source (e.g. Jikeli et al. 2015) . The considerable spread of diameters of the helical paths reported here in a suite of broadcasting species may presumably reflect differences between the species in the exact circumstances of spawning, chemoattraction and fertilisation, although interpretation of the data in this way must await additional information. Chemotactic swimming responses to egg or tissue extracts have also been demonstrated in spermatozoa of spermcasting species of hydroid by Richard L. Miller (e.g. Miller 1973) in studies plotting sperm movements by non-computerised analysis of cine or multiple-exposure photomicrography.
Hydroid spermatozoa on the surface of microscope slides moved in a circular motion, suggesting that, as with broadcasters, a helical motion would occur in deeper water, because helical three-dimensional motion becomes circular in spermatozoa constrained by a flat surface (Guerrero et al. 2011) . This suggests that comparison by CASA-Mot of the characteristics of helical sperm motion between broadcasters and spermcasters may prove informative in relation to their adaptations for their different mechanisms of achieving fertilisation. Any distinctions may be related, in part, to the different size and nature of the 'target' to be found by spermatozoa: in broadcast spawning, this is typically an egg, whereas in spermcast spawning the spermatozoa have to reach a conspecific adult and, in many cases, will be drawn in by the feeding current.
Studies of sperm subpopulations, such as rapid sperm percentages and kinematics, to evaluate the effects of environmental factors have been rarely attempted, but Fabbrocini and D'Adamo (2011) and Fabbrocini et al. (2016) have shown the value of studying subpopulations. Mortimer et al. (2015) emphasised that population averages for sperm kinematics in humans and animals are of limited use.
Unfortunately, most papers using CASA-Mot in broadcast spawners considered only averages, and this may bias interpretation of data because of the very large ranges of values for most kinematic parameters. Stewart et al. (2012) showed in a very elegant experiment that there were no differences in sperm velocities in the presence or absence of eggs. However, averages were used and, in this instance, may have 'hidden' subtle but important differences in motility subpopulations. In the present study, the pattern of sperm movement changed when spermatozoa were exposed to egg water or eggs, and spermatozoa started to show hyperactive-like patterns that could also be induced with classical Ca 2+ modulators. The cation channels of spermatozoa (CatSper family of genes) responsible for hyperactivation is also present in most invertebrates, including cnidarians, and, accordingly, hyperactivation has been evolutionarily conserved for a long time (Cai and Clapham 2008) . Spermatozoa of testicular origin was used in the case of three species in the present study, in contrast with the use of spawned spermatozoa from P. angulosus and H. midae. However, we compared sperm motility from testicular origin versus spawned spermatozoa in C. meridionalis and, by and large, there were no differences except for activation time and the fact that helical sperm tracks were retained for longer (i.e. after 1 h) in samples of spawned spermatozoa. Furthermore, D. serra spermatozoa of testicular origin also showed predominantly helical tracks after 1 h. Therefore, it seems that testicular spermatozoa from gravid testes and spawned spermatozoa share similar characteristics. Care needs to be taken in terms of gonadal development and potential sperm maturation before spawning because there appear to be differences in CASA-Mot parameters in relation to testicular maturation and season (Fabbrocini et al. 2016) .
Are there species-specific motility traits among broadcast spawners? The present study shows many differences in motility groupings (percentages and kinematics) among species, and most of these can be related to the form and dimensions of the helical track. Are these patterns an expression of the 'fertilisation environment' and/or do they assist in understanding reproductive strategies, such as pseudocopulation, spermcasting and broadcast spawning? P. angulosus occurs in rock pools in groups and as single individuals, but they are mobile. Rock pools are often isolated from the sea and wave action during low tide and, if spawning occurs in these isolated pools, it will largely represent a typical sperm broadcast scenario, as in H. midae, and the large helical swimming, very rapid hit-and-run, 'Don Giovanni' swimming spermatozoa may suggest sperm competition rather than sperm limitation. Levitan (2000) showed that fast swimming spermatozoa attain higher fertilisation rates than slow swimming spermatozoa, but different trade-offs exist between speed and longevity in some sea urchins.
C. gigas and, in particular, C. meridionalis inhabit a high-energy environment with large wave action. C. meridionalis is not mobile, but occurs at very high densities growing almost on top of each other. It is difficult to conceive how gametes will be released and fertilisation will take place in a typical broadcast mode in this turbulent environment despite the fact that the animals are closely situated. Unfortunately, no information is available on the fertilisation biology of C. meridionalis. All that we can currently rely on are the facts at hand in terms of sperm motility and sperm motility modulation for this species. C. gigas and C. meridionalis have very small helical sperm track diameters and apparently modulation of sperm motility from helical to more forward progressing can occur relatively soon after dilution with sea water. Does this perhaps imply that spermatozoa may be deposited much closer to the eggs or even that spermatozoa are somehow taken inside the mantle cavity to allow protected fertilisation? In such cases, some of the bivalves living in a high-energy environment may be making use of different ways to ensure fertilisation and present a scenario of fertilisation of non-dispersing eggs.
Many factors may affect sperm motion, reproductive strategy and fertilisation success, and among these are the role and size of oocytes, the morphology of spermatozoa (Fitzpatrick et al. 2010) and shear forces of the environment (Riffell and Zimmer 2007) to mention a few. Many theoretical models exist to describe sperm motion in external fertilisers (Levitan 1993 (Levitan , 1995 (Levitan , 1998 (Levitan , 2000 and, in the process, the different trade-offs between sperm velocity, sperm concentration and egg size, among others. However, the emphasis in the present study was to dissect sperm motion in great detail using CASA-Mot to provide basic but very detailed baseline information for future investigations.
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